Human positive cofactor 4 negatively regulates wound healing in transgenic mice.Overexpression of PC4 reduces angiogenesis and cell migration in woundsOverexpression of PC4 inhibits collagen deposition and maturation in woundsOverexpression of PC4 inhibits cell proliferation and promotes cell apoptosis in wounds

Background {#sec1}
==========

Human positive cofactor 4 (PC4) (also known as coactivator p15) and its yeast ortholog Sub1 \[[@ref1], [@ref2]\], is a multifunctional nuclear proteins involved in basal transcription \[[@ref3]\], DNA replication \[[@ref3], [@ref7]\], DNA repair \[[@ref8]\] and chromatin organization \[[@ref11], [@ref12]\]. Previous studies demonstrated that PC4 was upregulated in several cancers \[[@ref13]\]. In addition, PC4 was reported to be essential for embryonic development and to promote somatic cell reprogramming *in vitro* \[[@ref21]\]. However, the role of PC4 in wound healing remains unclear.

As the largest outer barrier, the skin is challenged by a range of external stress factors, such as mechanical damage, resulting in frequent cell and barrier damage \[[@ref22], [@ref23]\]. Moreover, skin is one of the ideal organs for studying wound healing because of its accessibility. In this study, a PC4 knock-in transgenic mouse model (PC4^+/+^) was successfully constructed and delayed wound healing was observed when compared to wild-type (WT) mice. In addition, our histological studies showed insufficient re-epithelialization and decreased angiogenesis and collagen deposition, but increased apoptosis, in PC4^+/+^ mice. Our results suggest that PC4 might play a role in skin wound healing.

Methods {#sec2}
=======

Animals {#sec3}
-------

All C57BL mice aged 6--8 weeks and weighing about 22 g were purchased from the Laboratory Animal Centre of the Army Medical University (Chongqing, China). The experiments were conducted in accordance with the Guidelines for the Care and Use of Laboratory Animals of the Army Medical University (AMU), and the experimental protocols used in this study were approved by the Animal Care Committee of AMU.

Wound model {#sec4}
-----------

The mice were anesthetized and shaved. A round full-thickness skin incision with a diameter of 1 cm was made in the middle of the back \[[@ref24]\]. After wounding, the wound surface was photographed for the indicated times, and the area of the wound surface was measured with ImageJ (version 1.48) \[[@ref25]\].

Generation of a Sub1(PC4) knock-in mouse model {#sec5}
----------------------------------------------

We constructed a 3′-untranslated region endogenous mouse Sub1(PC4) track for a vector containing both the homologous arms (HAs) of the EF1α-mouse Sub1(PC4) cDNA-IRES-eGFP-PolyA knock-in (KI) box to ensure efficient homologous recombination (HR) ([Fig. 1a](#f1){ref-type="fig"}). In the targeting vector, the positive selection marker (Neo) was flanked with LoxP sites. DTA was used for negative selection. The constitutive KI allele was obtained after Cre-mediated recombination. We verified the fidelity of the targeted structures before direct Sanger sequencing of embryonic stem cells (ES cells). Transgenic mice were generated using the standard method (Cyagen Biosciences Inc., China). After drug screening and polymerase chain reaction (PCR) confirmation, ES cell clones with correct HR were expanded and injected into blastocysts, which were then re-implanted into pseudo-pregnant females. To identify F1 mice (the first generation of mice produced by crossbreeding inbred mice) with recombinant alleles, standard PCR screening was performed using primer sets F1-R1 and F2-R1 ([Supplementary Fig. 1](#sup1){ref-type="supplementary-material"}) to identify the constitutive KI alleles ([Fig. 1a](#f1){ref-type="fig"}).

Cell culture {#sec6}
------------

Newborn PC4^+/+^ or WT C57BL/6 mice were soaked in alcohol for at least 10 minutes. Dorsal full-layer skin samples were collected and moistened with sterile phosphate-buffered saline (PBS) at least thrice. The samples were digested with trypsin (Abcam, USA) at 4°C for 12 hours and the epidermis was discarded. The remaining tissues were cut and digested with 0.25% collagenase I (Thermo Fisher Scientific Inc., USA) at 37°C for 0.5 hours. The digested cells were filtered with a 75 μm cell filter, then the liquid was retained and centrifugally suspended in a normal medium containing 10% fetal bovine serum and 5% CO~2~ at 37°C. In our experiments, only the cells from passage 2 or 3 were used.

Cell migration assay {#sec7}
--------------------

Primary fibroblasts from WT and PC4^+/+^ mice were seeded on 6-well plates. When fully confluent, cells were treated with 10 μg/ml Mitomycin C (Sigma-Aldrich, Germany) for 1 hour and washed with PBS twice, then scratched with 200 μl pipettes. Measured the size of the scratch at the beginning of the test and quantified the area of cell migration after 24 hours by Image J software.

Cell proliferation assay {#sec8}
------------------------

Cell Counting Kit-8 (CCK-8) (MedChemExpress, China) was used to measure cell proliferation ability as per the manufacturer's instructions. In brief, primary fibroblasts from PC4^+/+^ and WT mice were seeded and cultured in 96-well plates at a density of 5 × 10^3^ cells/well. Each cell type was divided into 4 time points (12, 24, 48 and 72 hours) with 6 replicates at each time point. At the end of culture the CCK-8 reagent was added and the cells were cultured for 2 hours at 37°C. Cell viability was measured at a wavelength of 450 nm (OD450).

Colony formation assay {#sec9}
----------------------

For the colony formation assay, primary fibroblasts from PC4^+/+^ and WT mice were inoculated into six-well plates at a density of 1 × 10^3^ cells/well. The medium was changed twice a week, and cells were cultured for 2 weeks until colonies were clearly visible. The colonies were washed at least twice, fixed with methanol for 15 minutes, and stained with crystal violet for 10 minutes. Colonies with \>50 cells were counted.

Hematoxylin and eosin staining {#sec10}
------------------------------

Skin samples carrying the wound bed and those 1--2 mm outside the wound were collected at 3, 7, 10 and 14 days after injury (*n* = 3). Samples were fixed with 4% paraformaldehyde, embedded in paraffin and stained with hematoxylin and eosin at indicated time point. The sample was taken from different mice.

![Construction and identification of PC4 knock-in mouse model. **(a)** Strategy used to generate a PC4 knock-in mouse model in C57BL/6 mice. **(b)** PCR genotyping of mice. Genomic DNA isolated from tail snips was digested with BamHI and separated on an agarose gel. **(c)** General comparison between WT and PC4^+/+^ mice using hematoxylin and eosin-stained sections of skin. Skin samples were analysed for the localization of PC4 protein by immunohistochemistry. Scale bar = 100 μm. RT-PCR **(d)** and Western blot **(e)** analysis for the levels of PC4 in the skin from WT and PC4^+/+^ mice. **(f)** Actin was used as a loading control. Ratio of PC4/actin shows relative expression level of PC4 protein. All data indicate the comparison between WT and PC4^+/+^ by independent samples *t*-test, and all data indicate with the mean ± SD; ^\*^*p* \< 0.05, ^\*\*^*p* \< 0.01. *PC4* human positive cofactor 4, *PC4^+/+^* PC4 knock-in mouse model, *PCR* polymerase chain reaction, *WT* wild-type, *SD* standard deviation](tkaa010f1){#f1}

Real-time quantitative PCR {#sec11}
--------------------------

Total RNA was extracted using Trizol (Cwbiotech, China). cDNA synthesis was performed following the manufacturer's protocol (Maxima First Strand cDNA Synthesis Kit, Thermo Scientific Inc, K1671). Real-time PCR (RT-PCR) was carried out using a SYBR Green qPCR master mix (Takara, China) according to the manufacturer's protocol. Relative threshold cycle method was used to ascertain the gene expression levels of every gene. Glyceraldehyde 3-phosphate dehydrogenase was used as an internal control. The primers used for RT-qPCR are listed in [Supplementary Table 1](#sup1){ref-type="supplementary-material"}.

Western blot analysis {#sec12}
---------------------

Primary fibroblasts from PC4^+/+^ and WT mice were collected, washed and lysed with a lysis buffer (Cell Signaling Technology, USA) supplemented with protease inhibitor cocktail (Thermo Fisher Scientific Inc.) for 0.5 hours on ice. Total protein was quantitated with a bicinchoninic acid assay kit (Thermo Fisher Scientific Inc.). Each sample was denatured with a loading buffer (Beyotime, China), separated by electrophoresis on a 12% gel and transferred onto polyvinylidene fluoride membranes (Millipore, USA). The membranes were blocked with an animal-free blocking solution (Cell Signaling Technology) and incubated with PC4 primary antibody (11 000, ab84459, Abcam) for 16 hours at 4°C. The membranes were washed thrice with Tris-Buffered Saline Tween-20 (TBST) (5 minutes each wash) and incubated for 1--2 hours with horseradish peroxidase-linked secondary antibody (Beyotime) at 25°C. The intensity of bands was visualized and determined using an enhanced chemiluminescence detection system (Bio-Rad Laboratories). Images were quantified with ImageJ software. Actin was used as a loading control. PC4/actin shows relative expression level of PC4 protein.

![Overexpression of PC4 inhibits wound healing *in vivo*. **(a)** Schematic of the wound healing model. **(b)** Representative images of the skin wound healing for the indicated times (*n* = 8 per group). **(c)** Quantification of the wound areas was performed using *Image* J software. Data represented the means ± SD, ^\*^*p* \< 0.05, ^\*\*^*p* \< 0.01. *P* values were calculated with two-way ANOVA. **(d)** Pathological studies confirmed that delayed healing in PC4^+/+^ mice during the granulation tissue maturation process. Representative images of hematoxylin and eosin-stained skin sections from biopsies on days 3, 7, 10 and 14 in WT and PC4^+/+^ mice; *n* = 3 mice per group. Scale bar = 200 μm. *PC4* human positive cofactor 4, *SD* standard deviation, *ANOVA* analysis of variance, *PC4^+/+^* PC4 knock-in mouse model, *WT* wild-type](tkaa010f2){#f2}

Immunohistochemical staining {#sec13}
----------------------------

Paraffin-embedded tissue sections were dewaxed, rehydrated and immersed in tris/ethylenediaminetetraacetic acid (pH 9.0) for 15 minutes at 98°C for antigen retrieval. The slides were incubated with PC4 primary antibody overnight at 4°C. The slides were washed thrice with PBS (5 minutes each time), incubated with a biotinylated secondary antibody for 1 hour at 37°C and then detected with 3,3′-diaminobenzidine substrate. The ratio of target protein-positive nuclei to DAPI-positive nuclei in 3 microscopic fields per group was used for quantification by ImageJ software. Antibodies used for immunohistochemical staining were: Ki67 (1:200, ab15580, Abcam), CD31 (1:200, ab28364, Abcam), α-smooth muscle actin (1:200, ab32575, Abcam) and terminal deoxynucleotidyl transferase dUTP nick end labelling (TUNEL) (1:200, ab66110, Abcam), while secondary antibodies to different IgG species were conjugated to Alexa Fluor 594 (red) or Alexa Fluor 488 (green) (1500 for all, Invitrogen).

Statistical analysis {#sec14}
--------------------

*P* values were calculated with the Student's *t*-test (two-sided) or two-way analysis of variance \[[@ref26]\]. GraphPad Prism 8.0 was used for data analysis. All data are presented as mean ± standard deviation.

![PC4 overexpression decreases collagen deposition and maturation in wounds. Sirius red staining demonstrates the increased collagen deposition and maturation in the wound areas on: **(a)** day 7, **(b)** day 10 and **(c)** day 14. The white dotted line represents the wound edge, while the image on the right is an enlarged image of the box on the left. Scale bar = 200 μm (left) and 100 μm (right). *PC4* human positive cofactor 4](tkaa010f3){#f3}

Results {#sec15}
=======

Construction and identification of PC4 knock-in transgenic mice {#sec16}
---------------------------------------------------------------

To generate a PC4 knock-in transgenic mouse model, an EF1α-mouse Sub1 cDNA-IRES-eGFP-PolyA cassette was cloned into the intron 1 of Rosa26. Mouse genomic fragments containing HAs were amplified from the bacterial artificial chromosome (BAC) clone using high-fidelity *Taq* and sequentially assembled into a targeting vector together with recombination sites ([Fig. 1a](#f1){ref-type="fig"}). To obtain Sub1 homozygous mice (PC4^+/+^), we crossed a heterozygous male mouse with 3 heterozygous female mice in a cage, and designed primers to identify their offspring ([Supplementary Fig. 1](#sup1){ref-type="supplementary-material"}). The positive homozygous mice had an mutant type (MT) band of 315 bp ([Fig. 1b](#f1){ref-type="fig"}: a1, a3, a4); the WT mice had a WT band of 617 bp (a6 in [Fig. 1b](#f1){ref-type="fig"}), while the positive heterozygous mice had both 315 and 617 bp bands ([Fig. 1b](#f1){ref-type="fig"}: a2, a5). During breeding, size and sex distribution were proportional to the expected Mendelian pattern, suggesting that the Sub1 KI allele did not have any major phenotypic alterations ([Fig. 1c](#f1){ref-type="fig"}; [Supplementary Fig. 2a](#sup1){ref-type="supplementary-material"}). PC4 expression was substantially increased in the dermis and epidermis of transgenic mice ([Fig. 1c](#f1){ref-type="fig"}). In addition, we observed that PC4 protein and mRNA levels were significantly higher in primary skin fibroblasts from PC4^+/+^ mice compared WT mice ([Fig. 1d](#f1){ref-type="fig"}, e, f).

Overexpression of PC4 delays wound healing *in vivo* {#sec17}
----------------------------------------------------

We made a uniform 10 mm incision in the skin and evaluated cutaneous wound healing by comparing the degree of wound closure between PC4^+/+^ and WT mice ([Fig. 2a](#f2){ref-type="fig"}) to investigate the role of PC4 in skin wound healing *in vivo*. PC4^+/+^ mice showed a significant delay in wound closure from day 3 to 14 compared to WT mice ([Fig. 2b, c](#f2){ref-type="fig"}). Delayed wound healing in PC4^+/+^ mice was observed through pathological studies ([Fig. 2d](#f2){ref-type="fig"}). In contrast, PC4^+/+^ mice showed delayed epidermal and dermal maturation. Abundant cells (including red blood and inflammatory cells) and numerous capillaries observed were indicative of immature granulation tissue ([Fig. 2d](#f2){ref-type="fig"}). Re-epithelialization on days 10 and 14 in PC4^+/+^ mice was insufficient compared to that in WT mice ([Supplementary Fig. 2b](#sup1){ref-type="supplementary-material"}). Compared with WT mice, PC4^+/+^ mice showed an obviously decreased area of granulation tissue([Supplementary Fig. 2c](#sup1){ref-type="supplementary-material"}).

![Overexpression of PC4 inhibits cell proliferation in wounds **(a)** Ki67 immunofluorescence staining revealed cell proliferation at the healing sites of skin wounds on days 0, 3, 7, 10 and 14. Scale bar = 100 μm. Arrows show representative Ki67-positive/DAPI-positive cells. **(b)** The relative quantitative changes in Ki67-positive cells were observed in the skin wound healing sites after 0, 3, 7, 10 and 14 days in WT and PC4^+/+^ mice. ^\*^*p* \< 0.05, ^\*\*^*p* \< 0.01. *P* values were calculated with two-way ANOVA. *PC4* human positive cofactor 4, *WT* wild-type, *ANOVA* analysis of variance](tkaa010f4){#f4}

![Overexpression of PC4 promotes cell apoptosis in wounds. TUNEL immunofluorescence staining showed cell apoptosis at the healing sites of skin wounds on days 0, 3, 7, 10 and 14. Scale bar = 100 μm. Arrows show representative TUNEL-positive/DAPI-positive cells. *PC4* human positive cofactor 4, *TUNEL* Transferase dUTP nick end labelling](tkaa010f5){#f5}

![Overexpression of PC4 reduces angiogenesis and cell migration in wounds. **(a)** CD31 (red) and DAPI (blue) expression was shown in the representative images of WT and PC4^+/+^ mice after 0--14 days after trauma. Scale bar = 100 μm. Arrows show representative CD31-positive/DAPI-positive cells. **(b)** α-SMA (red) and DAPI (blue) expression was shown in the representative images of WT and PC4^+/+^ mice after 0 to 14 days after trauma. Scale bar = 100 μm. Arrows show representative α-SMA-positive/DAPI-positive cells. *PC4* human positive cofactor 4, *WT* wild-type, *α-SMA* alpha smooth muscle actin](tkaa010f6){#f6}

Overexpression of PC4 inhibits collagen deposition and maturation in wounds {#sec18}
---------------------------------------------------------------------------

Collagen fiber deposition and remodeling are important processes for granulation tissue repair. On days 7, 10 and 14 after injury, the dermis of the normal skin near the wounded surface showed bright Sirius red staining ([Fig. 3a, b, c](#f3){ref-type="fig"}). On day 14, the dermal collagen fibers of WT wounds showed a typical network of crosslinked fibers to maintain skin elasticity and tension ([Fig. 3c](#f3){ref-type="fig"}). On day 10 after injury, moderate deposition of collagen was observed as red staple fibers. From day 7--14 post-injury, collagen formation in PC4^+/+^ mice was lower than that in WT mice, as was evident from Sirius red staining intensity, and the fibers were disordered, thinner, shorter, greener and less red. On day 14, the granulation tissue collagen fibers of WT, but not PC4^+/+^, mice matured into a network, indicating that the collagen network of PC4^+/+^ mice matured later ([Fig. 3c](#f3){ref-type="fig"}).

Overexpression of PC4 expression inhibits cell proliferation and promotes cell apoptosis in wounds {#sec19}
--------------------------------------------------------------------------------------------------

Proliferation and apoptosis are prerequisites for wound healing \[[@ref27], [@ref28]\]. In general, cell proliferation and apoptosis are maintained at a stable level in normal skin. Ki67 and TUNEL immunofluorescence staining were used to detect the accumulation of proliferating and apoptotic cells in skin wounds. Noticeably increased proliferation was observed in the wound area of WT mice on days 3 and 7 compared to that in PC4^+/+^ mice, as confirmed by Ki67-positive cells ([Fig. 4a, b](#f4){ref-type="fig"}). The quantification of TUNEL staining revealed a substantial increase in the number of apoptotic cells in PC4^+/+^ mice on days 3 and 7 compared with that in WT mice ([Fig. 5](#f5){ref-type="fig"}).

![Overexpression of PC4 inhibits cell migration and proliferation *in vitro*. The migration and proliferation of primary fibroblasts derived from PC4^+/+^ mice decreased. **(a)** Images of primary fibroblasts after 24 hours from the initial migration test. Yellow bar: 200 μm. **(b)** Scatter diagram quantifying the relative migration area. Each sample was measured 6 times at the indicated time point. Each experiment was repeated thrice. P values were calculated with t-text. **(c)** Proliferation was measured by CCK-8 assays. *P* values were calculated with two-way ANOVA. **(d)** Clone formation assay was performed with WT and PC4^+/+^ primary fibroblasts. ^\*^*p* \< 0.05, ^\*^*p* \< 0.01. *PC4* human positive cofactor 4, *PC4^+/+^* PC4 knock-in mouse model, *CCK-8* cell counting kit-8, *ANOVA* analysis of variance](tkaa010f7){#f7}

Overexpression of PC4 reduces angiogenesis and cell migration in wounds {#sec20}
-----------------------------------------------------------------------

Neovascularization is critical for efficient wound healing \[[@ref29]\] and essential for the supply of nutrients and the maintenance of oxygen homeostasis, thereby facilitating cell proliferation and tissue regeneration \[[@ref30]\]. In this study, CD31 immunofluorescence staining was performed to detect neovascularization or new blood vessel formation in wounded skin samples. Our results showed that more neovascularization was observed in the wounded region on days 3 and 7 in WT mice ([Fig. 6a](#f6){ref-type="fig"}). Neovascularization began to decrease on day 10 and was near normal by day 14. In contrast, no substantial increase of neovascularization was observed in PC4^+/+^ mice by day 3. However, there was continuous increase of neovascularization by days 10 and 14 in PC4^+/+^ mice.

Alpha smooth muscle actin (α-SMA) is important for cell migration to promote wound contraction during healing. The obviously increased α-SMA was observed in the wound area from day 3 to 10 in both WT and PC4^+/+^ mice; however, α-SMA-positive cells were significantly lower in PC4^+/+^ mice than in WT mice, as determined by immunofluorescence staining in the wounded region ([Fig. 6b](#f6){ref-type="fig"}).

Overexpression of PC4 in skin primary fibroblasts inhibits cell migration and proliferation *in vitro* {#sec21}
------------------------------------------------------------------------------------------------------

To further investigate the function of PC4 for cell migration and proliferation, skin primary fibroblasts were taken from mice for *in vitro* studies. Scratch test showed that overexpression of PC4 in primary skin fibroblasts decreased their migration ability ([Fig. 7a, b](#f7){ref-type="fig"}). CCK-8 assays and colony formation assays showed that the overexpression of PC4 in primary fibroblasts resulted in significantly reduced proliferation *in vitro* ([Fig. 7c](#f7){ref-type="fig"}, [d](#f7){ref-type="fig"}).

Discussion {#sec22}
==========

Skin repair is a complex process, and the cellular and molecular mechanisms underlying wound healing are still not completely clear \[[@ref31]\]. Thus, it is important to identify and screen new repair-related genes for further understanding the healing process. In this study, we proposed, for the first time, the role of PC4 involved in wound healing. With the PC4 knock-in mouse model, we first demonstrated that the skin of PC4^+/+^ mice showed a lower amount of granulation tissue and slower re-epithelialization during healing than the skin of WT mice. Our data suggest that PC4^+/+^ attenuates fibroblast proliferation and migration *in vivo* and *in vitro*. In our model, PC4 overexpression promoted apoptosis and delayed neovascularization. The above results have enriched the understanding of wound healing. Furthermore, PC4^+/+^ mice showed no significant differences in blood routine, thymus, lymph node and spleen biopsy compared with WT mice during wound healing, and the infiltrated immune cells with CD11b (a specific marker of granulocytes and macrophages) and F4/80 (a specific marker of macrophages) also showed no significant differences between the 2 types of mice during healing, which suggests that overexpression of PC4 in the body might not cause systemic changes that affect wound healing.

PC4 was thought as a transcription coactivator with highly conserved sequence among mouse, rat, human, and yeast \[[@ref4],[@ref5]\]. As a multifunctional nuclear transcription cofactor, PC4 plays an important role in the regulation of embryonic development \[[@ref32], [@ref33]\], tumorigenesis \[[@ref13]\] and other processes. At present, the regulatory mechanism of PC4 has not been clarified. Previous studies have revealed that PC4 regulates cellular behavior through multiple pathways, including basic transcription \[[@ref4], [@ref6], [@ref34], [@ref35]\] and epigenetic modifications \[[@ref12], [@ref17], [@ref36]\]. In this study, we demonstrated that PC4 might participate in skin wound healing through PC4 knock-in mice, but in-depth mechanisms remain to be clarified. Because loss of PC4 expression leads to lethality in early embryos, the skin tissue conditional PC4 knock-out and conditional PC4 knock-in models will be helpful to further understand the functions and mechanisms of PC4 during skin wound healing.

Conclusions {#sec23}
===========

In summary, PC4 negatively regulates wound healing in transgenic mice, suggesting that PC4 might play a role in tissue homeostasis and repair.
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